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Crystalline silicon solar cells, which are most commonly deployed, have high performance with power 
conversion efficiency (PCE) of 26.7% in the lab. However, since a large amount of energy is required 
to manufacture high purity silicon, the price is high, and due to the nature of the material, it is not 
flexible. As next-generation solar cells to solve these shortcomings, organic and dye-sensitized solar 
cells have been studied, but it is still difficult to commercialize due to low efficiency. More recently, 
metal halide perovskite materials (represented by the general chemical formula ABX3, where A denotes 
an organic ammonium or inorganic cation such as methylammonium (MA+), formamidinium (FA+), or 
Cs+; B denotes a metal cation such as Pb2+, or Sn2+; and X denotes a halide (I-, Br-, and Cl-)) have 
recently emerged as a highly promising class of electrical functional materials. The exceptional 
structural tunability enables these materials to possess three- (3D), two- (2D), one- (1D), and zero-
dimensional (0D) structures at the molecular level. Each category of these materials has its unique 
physical and chemical properties with a variety of applications such as transistors, light emitting iodides 
(LEDs), x-ray detector, and solar cells. In particular, perovskite solar cells (PSCs) display unique 
promise to satisfy low costs, flexibility, and high efficiency. Currently, PSCs have already obtained 
comparable PCE to silicon in the lab, of 25.5%, with low manufacturing cost compared to silicon solar 
cells. 
During my Ph.D., I focused on improving efficiency and stability of PSCs by designing composition, 
additive, and device. PSCs are mainly fabricated by solution process so the properties of precursor 
solution are important as it can greatly affect the resulting device’s properties and performance. I 
identified the cause of the phenomenon that the properties of the halide perovskite precursor solution 
change over time and minimized the problem by adding a certain amount of elemental sulfur. This work 
was published in Advanced Energy Materials and selected as a cover picture. Subsequently, the research 
was conducted to improve the efficiency and stability of PSCs. High-performance PSCs exceeding 22% 
of efficiency are fabricated by using FAPbI3 as a light absorbing layer due to its suitable bandgap and 
relatively higher thermal stability. However, FAPbI3 readily transforms from the desired trigonal black 
α-phase into the undesired wide-bandgap δ-phase with hexagonal symmetry under ambient conditions 
at room temperature. The method mainly used to suppress this drawback was to stabilize the phase of 
FAPbI3 by adding some amount of MAPbBr3. However, MA is highly volatile and week to heat, and 
Br cause undesired blue-shift of bandgap. In the point of this view, I successfully conducted research 
on the introduction of a very new additive (methylenediammonium dichloride, MDACl2) to stabilize 
the α-phase while minimizing the bandgap variation of FAPbI3. By using this new composition, we 
achieved world’s highest certified current density (JSC) and efficiency based on the date of publication 
and the results was published in the journal Science. Also, I published another Science paper that 
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significantly increase the efficiency and stability of PSCs by reducing lattice strain while maintaining 
the α-phase of FAPbI3. And I also conducted research on morphology control of all-inorganic perovskite, 
CsPbI3 which can be used top-cell of tandem device with silicon or narrow-bandgap perovskites and 
achieved the world’s highest efficiency and published in Joule.  
Currently, research on reducing the external strain of perovskite thin films has been conducted and 
manuscripts are being prepared. Furthermore, the results of the world’s highest efficiency which 





































































Abstract --------------------------------------------------------------------------------------------------- 1 
List of Figures -------------------------------------------------------------------------------------------- 6 
List of Tables ------------------------------------------------------------------------------------------- 11 
Chapter 1. Introduction 
1.1 Needs for solar cells ----------------------------------------------------------------------- 12 
1.2 Perovskites: Emerging electrical functional materials -------------------------------- 13 
1.3 Next-generation perovskite solar cells -------------------------------------------------- 15 
Chapter 2. Perovskite Precursor Solution 
2.1 Solution processibility of perovskite solar cells -------------------------------------- 16 
2.2 Properties of perovskite precursor solution 
2.2.1 Iodoplumbates ------------------------------------------------------------------ 17 
2.2.2 Degradation of the solution --------------------------------------------------- 19 
2.3 Stabilization of perovskite precursor solution 
2.3.1 Elemental sulfur ---------------------------------------------------------------- 19 
2.3.2 Results --------------------------------------------------------------------------- 21 
2.4 Conclusion ------------------------------------------------------------------------------- 26 
Chapter 3. Highly Efficient and Stable Perovskite Solar Cells 
3.1 Efficiency increases of perovskite solar cells ----------------------------------------- 27 
3.2 Maintaining bandgap 
3.2.1 Shockley-Queisser limit ------------------------------------------------------- 28 
3.2.2 New additive: MDACl2 -------------------------------------------------------- 31 
3.2.3 Results --------------------------------------------------------------------------- 40 
5 
 
3.3 Relieving unwanted strain 
3.3.1 Strain of the perovskite layer -------------------------------------------------- 40 
3.3.2 Results --------------------------------------------------------------------------- 42 
3.4 Conclusion ------------------------------------------------------------------------------- 52 
Chapter 4. Wide-bandgap Perovskites 
4.1 Candidates for wide-bandgap perovskites -------------------------------------------- 53 
4.2 Improving morphology of CsPbI3 
4.2.1 Morphologies of CsPbI3 ------------------------------------------------------- 54 
4.2.2 Results --------------------------------------------------------------------------- 56 
4.3 Conclusion ------------------------------------------------------------------------------- 66 
Chapter 5. Summary, Future Perspectives and References 
5.1 Summary --------------------------------------------------------------------------------- 67 
5.2 Future perspectives ---------------------------------------------------------------------- 68 












List of Figures 
 
Chapter 1 
Figure 1.1 A comparison of annual world energy consumption and renewable energy potential with the 
total recoverable reserves of finite resources. 
Figure 1.2 (A) Global energy consumption breakdown, 2019. (B) Renewable power generation costs 
in 2010 and 2019, with the fossil fuel range represented by the grey band. 
Figure 1.3 Crystal structure of the perovskites and its various applications. 
Figure 1.4 The highest certified efficiency of crystalline silicon solar cells and perovskite solar cells 
and the device structure (inset) of representative solid state perovskite solar cells. 
 
Chapter 2 
Figure 2.1 Typical experimental procedure to synthesize perovskites onto thin film. 
Figure 2.2 Typical iodoplumbate species [PbImXn]2-m (X = solvent) with most stable coordination. 
Reproduced with permission from ACS Appl. Energy Mater. 2019, 2, 5, 3400-3409. 
Copyright 2019 American Chemical Society. 
Figure 2.3 An example of efficiency change depending on the aging time of the perovskite precursor 
solution. Reproduced with permission from RSC Adv., 2018, 8, 21551-21557. Copyright 
2018 The Royal Society of Chemistry. 
Figure 2.4 Deprotonation of MA+ in the dimethyl sulfoxide (DMSO). 
Figure 2.5 Molecular configuration of elemental sulfur. 
Figure 2.6 (A) Mechanism of reaction between elemental sulfur and amine species. (B) Proposed 
mechanism of reaction between elemental sulfur and MA ions. 
Figure 2.7 Ultraviolet-visible (UV-vis) absorption spectra of (A) PbI2 dissolved in DMF and DMSO; 
(B) FAI and MABr dissolved in DMF and DMSO; (C) MAI, sulfur, and a mixture of MAI 
and sulfur dissolved in DMF. (D) Depth profiling of S- by time-of-flight secondary ion 
mass spectrometry (ToF-SIMS). 
Figure 2.8 Perovskite precursor solution color change depends on time. (A) FAPbI3 black powder is 
7 
 
dissolved in a mixed solvent of DMF/DMSO. (B) Conventional perovskite precursor 
solution wherein both FAPbI3 and MAPbBr3 powders are dissolved in the mixed solvent. 
(C) Elemental sulfur is added to the conventional solution. 
Figure 2.9 X-ray diffraction (XRD) patterns and photographic images of films deposited from a 
precursor solution aged for times (A) without and (B) with sulfur. 
Figure 2.10 J-V curves and distribution of power conversion efficiency (PCE) of PSCs fabricated as a 
function of the aging time of the precursor solutions (A, B) without and (C, D) with sulfur 
additive (0.03 M). 
 
Chapter 3 
Figure 3.1 Schematic diagram of the increase in efficiency of perovskite solar cells and perovskite 
devices structure of n(negative)-i(intrinsic)-p(positive) and p-i-n. And PCE and Jsc of 
certified champion efficiency from 2017 to 2019. 
Figure 3.2 Shockley-Queisser (SQ) limit which present theoretical maximum efficiency of photovoltaic 
devices depends on bandgap of photo-absorbing material. 
Figure 3.3 Molecular configuration of FA+ and MDA+ and structure relaxation for the electronic band 
structures of MDA doped FAPbI3. 
Figure 3.4 Preparation of FAPbI3:xMDACl2 (x = 0, 1.9, 3.8, and 5.7 mol%). (A) Ultraviolet-visible 
(UV-vis) absorption and photoluminescence (PL) spectra of perovskite layers with 
different x values. The perovskite layer based on 0.95FAPbI3/0.05MAPbBr3 as control was 
also investigated. (B) Electronic band structures of (a) FAPbI3, (b) representative 
FA0.926(VFA)0.037MDA0.037PbI3, and (c) representative FA0.963MDA0.037PbI3(Cli)0.037. The 
doping amount of 0.037 in the calculation was given by 1/27 (= 0.03704) based on the 
3x3x3 supercell for the composition close to the actual experiment. (C) X-ray diffraction 
(XRD) patterns of perovskite prepared with different x values and the control layer exposed 
to 80% humidity for 24 h after annealing of the coatings of the precursor solution at 150 °C 
for 10 min. (D) Grazing-incidence wide-angle x-ray scattering (GIWAXS) 2D images at 
full depth of x-ray incident angle for perovskite layers for (a) x = 3.8 mol% and (b) control. 
Figure 3.5 Comparison of Fourier-transform infrared spectroscopy results of MDACl2, target, and 
control. 
Figure 3.6 Nuclear magnetic resonance (NMR) spectra of MDACl2, target, and control. 
8 
 
Figure 3.7 Device performance. (A) Power conversion efficiency of perovskite solar cells fabricated 
with different x values of FAPbI3:xMDACl2 (x = 0, 1.9, 3.8, and 5.7 mol%) and the control. 
Comparison of (B) J–V curves and (C) external quantum efficiency (EQE) between target 
(x = 0.38 mol%) and control. (D) Comparison of surface morphologies and cross-sectional 
images of target and control acquired with scanning electron microscopy (SEM). 
Figure 3.8 Variation in Jsc, Voc, and FF for different x values of FAPbI3:MDACl2 (x = 0, 1.9, 3.8, and 
5.7 mol%) and control. 
Figure 3.9 (A) PCE changes in FTO/bl-TiO2/mp-TiO2/Perovskites (0, 3.8 mol%)/Spiro-OMeTAD/Au 
(unencapsulated) measured over time stored under ambient condition (RH 20-30%, 25 ℃) 
in a dark. (B) XRD patterns of perovskite layers after 2500 h of operation time. 
Figure 3.10 Certified results for the target devices from accredited photovoltaic certification laboratory 
(Newport, USA). 
Figure 3.11 Long-term stability test. Comparison of (A) humidity (85% relative humidity (RH), 25°C) 
and (B) thermal (150°C, at ~ 25% RH) stability performances of unencapsulated control 
and target.  (C) Maximum power point tracking measured with the encapsulated target 
device under full solar illumination (AM 1.5G, 100 mW/cm2 in ambient condition.) without 
a UV-filter. 
Figure 3.12 Ionic radius of FA+, MDA2+, and Cs+, and corresponding tolerance factor of APbI3. 
Figure 3.13 Characterization of perovskite thin films deposited on mp-TiO2 for the (xMC/FAPbI3) 
and control perovskite films. (A) XRD patterns of perovskite film, (B) GIWAXS for x = 
0.04, (C) magnified (100) diffraction peaks in the region indicated by the green in (A), and 
(D) UV-vis absorption and normalized PL spectra. 
Figure 3.14 (A)-(C) GIWAXS patterns of thin layers deposited on mp-TiO2 electrode with different x 
values in (xMC/FAPbI3) (MC is an abbreviation that means that MDA2+ and Cs+ are mixed 
in the equimolar fraction) (D) Azimuthal circular average fitted from GIWAXS 1D spectra. 
Figure 3.15 Performance and surface morphologies of PSCs fabricated with x in (xMC/FAPbI3) 
and control perovskite films. (A) Jsc, Voc, FF, and PCE statistics of 24 PSCs, (B) EQE 
curves of target and control PSCs, (C) J–V curves of target and control PSCs, and (D) 
surface SEM images of perovskite thin layers. 
Figure 3.16 Certified result from accredited photovoltaic certification laboratory (Newport, USA) for 
(A) the small unit device and (B) large device (1x1 cm2). 
9 
 
Figure 3.17 Defect analysis of perovskite films deposited with x in (xMC/FAPbI3) and control. (A) 
Residual strain calculated in perovskites consisting of FTO/mp-TiO2/perovskite. (B) 
Steady-state photoluminescence and (C) time-resolved photoluminescence spectra of films 
deposited on glass. (D) Urbach energy calculated in perovskites consisting of FTO/mp-
TiO2/perovskite, (E) thermally stimulated current spectra, and (F) trap density. 
Figure 3.18 Williamson−Hall plots with different x values in (xMC/FAPbI3) (here MC is an 
abbreviation that means that MDA2+ and Cs+ are mixed in the equimolar fraction) and 
control. 
Figure 3.19 Schematic illustration of the proposed distribution by incorporating the 3:3 equimolar 
faction of MDA and Cs cations within the perovskite crystal for compensating the lattice 
strain induced by difference between the radius of FA, MDA and Cs. 
Figure 3.20 Arrhenius plot with different x values in (xMC/FAPbI3) (here MC is an abbreviation that 
means that MDA2+ and Cs+ are mixed in the equimolar fraction). 
 
Chapter 4 
Figure 4.1 Efficiency increases of (A) mixed-halide wide-bandgap perovskites (MHWPs) and (B) 
inorganic perovskites. 
Figure 4.2 SEM surface morphology images of β-CsPbI3 with efficiency of (A) 18.4% Copyright © 
2019, Copyright © 2019 The Authors, some rights reserved; exclusive licensee American 
Association for the Advancement of Science. and (B) 19.03% © 2019 Wiley‐VCH Verlag 
GmbH & Co. KGaA, Weinheim 
Figure 4.3 Characterization of CsPbI3 films without (control) and with MACl second treatment 
according to the concentration of MACl (15, 45, and 75 mM) in IPA. (A) SEM images, (B) 
UV-vis absorption spectra, (C) XRD patterns, and (D) GIWAXS of CsPbI3 layer with 
(above) without (below) MACl second treatment. 
Figure 4.4 The performance of solar cells. (A) PCE distribution of CsPbI3/xMACl (x= 15, 45, and 75 
Mm) and the control. (B) J-V curves, (C) EQE spectra, and (D) steady-state power output 
of the control and target. 
Figure 4.5 (A) Schematic diagram of SDMS. Solubility of (B) MACl in CsPbI3 precursor solution and 
(C) MACl in IPA. 
10 
 
Figure 4.6 Humidity stability tests at 25 ℃ and RH 65% with and without OAI passivation. (A) 
Photographic images, UV-vis absorption spectra of (B) without and (C) with OAI 
passivation. 
Figure 4.7 Characterization of intermediate phases. (A) UV-vis absorption spectra from as-deposited 
substrate of CsPbI3/xMACl (x= 15, 45, and 75 mM) and control. (B) TGA curves of the 
control and target. (C) FT-IR spectra before (solid line) and after (dotted line) annealing 
for the control and target. (D) H-NMR spectra obtained from intermediate state of the 
control and target. 
Figure 4.8 Photographic images of substrates during heat treatment at 210 °C for CsPbI3/xMACl (x= 
15, 45, and 75 mM) and the control. 
Figure 4.9 Stability tests. (A) ToF-SIMS targeting Cl- within FTO/bl-TiO2/perovskite of CsPbI3/xMACl 
(x= 15, 45, and 75 mM) and the control. (B) UV-vis absorbance at 600 nm as a function of 
exposure time in 20-30 RH% at 85 °C of CsPbI3/xMACl (x= 15, 45, and 75 mM) and the 
control. (C) Maximum power point measured with the encapsulated target device under 
continuous full solar illumination (at 100 mW cm-2 without UV-cut) at ambient air. 
 
Chapter 5 
Figure 5.1 Schematic diagram of the increase in PSCs efficiency achieved by our group (Prof. Sang Il 
Seok group at UNIST). 
Figure 5.2 National Renewable Energy Laboratory (NREL) chart for the best research-cell efficiencies 
(reviewed 04. Jan, 2021). 
Figure 5.3 (A) Cost, efficiency, and lifetime comparison of silicon (Si) and perovskite (PVSK) solar 
cells. (B) Schematic diagram of a perovskite solar cell and possible degradation inducing 
factors. 







List of Tables 
 
Chapter 2 
Table 2.1 Performance parameters of devices fabricated using precursor solution aged for (A) 0 h and 
(B) 72 h with and without 0.03 M elemental sulfur. 
 
Chapter 3 




















Chapter 1. Introduction 
 
1.1 Needs for solar cells 
It is indispensable to develop renewable energy sources for a sustainable future to replace fossil fuels, 
which are finite and emit greenhouse gases that contribute to climate change. The most abundant source 
among the renewable energy sources is solar energy (Fig. 1.1). As of 2019, the world’s energy 
consumption is 18 TWy, but the amount of energy from the sun on Earth’s surface is 23,000 TWy.1 
Since energy consumption increases every year while fossil fuel reserves decline, it is very important 
to develop technologies that effectively convert the most abundant solar energy into other forms. 
 
Fig. 1.1 A comparison of annual world energy consumption and renewable energy potential with the 
total recoverable reserves of finite resources. 
As of 2019, the consumption of renewable energy is only 11% of the total energy consumption (Fig. 
1.2A).2 And within that renewable energy portion, only 4% is from solar. Photovoltaics are the most 
efficient, and the only direct, way to convert solar energy into electricity. Historically, the cost of 
electricity from solar cells is expensive compared to other options (Fig. 1.2B).3 Recently, however, with 
the development of silicon solar cell manufacturing technology and efficiency increases, prices have 
fallen within the range of other renewable sources. The potential for further reductions is real, and 
therefore research on emerging solar cells one of the best options to allow photovoltaics to realize an 




Fig. 1.2 (A) Global energy consumption breakdown, 2019. (B) Renewable power generation costs in 

















1.2 Perovskites: Emerging electrical functional materials 
 
Fig. 1.3 Crystal structure of the perovskites and its various applications. 
Inorganic-organic hybrid perovskites (represented by the general chemical formular ABX3, where A 
denotes an organic ammonium or inorganic cation such as methylammonium (MA+), formamidinium 
(FA+), or Cs+; B denotes a metal cation such as Pb2+, or Sn2+; and X denotes a halide (I-, Br-, or Cl-)) 
have recently emerged as a highly promising class of functional materials. The exceptional structural 
tunability enables these materials to possess three- (3D), two- (2D), one- (1D), and zero-dimensional 
(0D) structures at the molecular level. Each category of these materials has its unique physical and 
chemical properties with a variety of applications such as transistors, light emitting diode (LED), X-ray 






1.3 Next-generation perovskite solar cells 
 
Fig. 1.4 The highest certified efficiency of crystalline silicon solar cells and perovskite solar cells and 
the device structure (inset) of representative solid state perovskite solar cells. 
Crystalline silicon solar cells, which are most commonly deployed, have high performance with power 
conversion efficiency (PCE) of 26.1% in the lab (deployed modules feature cell PCE of 17-22%).ref 
However, since a large amount of energy is required to manufacture high purity silicon, the price is high, 
and due to the nature of the material, it is not flexible. As next-generation solar cells to solve these 
shortcomings, organic and dye-sensitized solar cells have been studied, but it is still difficult to 
commercialize due to low efficiency. More recently, metal halide perovskite materials display unique 
promise to satisfy low costs, flexibility, and high efficiency. Currently, perovskite solar cells (PSCs) 
have already obtained comparable PCE to silicon in the lab, of 25.5%,4 with low manufacturing cost 






Chapter 2. Perovskite Precursor Solution 
 
2.1 Solution processibility of perovskite solar cells 
 
Fig. 2.1 Typical experimental procedure to synthesize perovskites onto thin film. 
Solution processes including spin-coating, bar-coating, and printing techniques makes PSCs promising 
for the next-generation solar cells due to the scalability and compatibility with large-scale 
manufacturing processes. In particular, efficient PSCs are mainly fabricated by a solution coating 
processes (Fig. 2.1). However, the efficiency of such devices varies significantly with the aging time of 
the precursor solution used to fabricate them, which includes a mixture of perovskite components, 












2.2 Properties of perovskite precursor solution 
2.2.1 Iodoplumbates 
 
Fig. 2.2 Typical iodoplumbate species [PbImXn]2-m (X = solvent) with most stable coordination. 
Reproduced with permission from ACS Appl. Energy Mater. 2019, 2, 5, 3400-3409.5 Copyright 2019 
American Chemical Society. 
Precursor solution of lead halide perovskites (LHPs) contain various ions such as MA+, FA+, Cs+, Cl-, 
Br-, I-, and Pb2+ and those ions are not fully ionized in the solution. The intermediate complex structure 
of the iodoplumbate (Fig. 2.2),5 which is lead coordination with solvent and halide ions, varies 
depending on the kind and amount of ions that present in the solution, which eventually significantly 
influences the degradation or the crystallization of the perovskite materials and the formation of defects 




Fig. 2.3 An example of efficiency change depending on the aging time of the perovskite precursor 
solution. Reproduced with permission from RSC Adv., 2018, 8, 21551-21557.6 Copyright 2018 The 











2.2.2 Degradation of the solution 
 
Fig. 2.4 Deprotonation of MA+ in the dimethyl sulfoxide (DMSO). 
Another factor that the properties of the perovskite precursor solution changes with time is the 
deprotonation of MA ions (Fig. 2.4). Dou et al.7 reported that the ration between the MA cations and Cs 
cations, which stabilize the FAPbI3 phase, can vary with the aging time of the precursor solution. 
Heating a solution of the perovskite precursor salts in DMSO causes deprotonation of the MA cations 
to form volatile methylamine gas.8, 9 However, no methods for stabilizing the MA cation have been 
proposed or no mechanisms responsible for the changes in the precursor solution with time have been 
elucidated. Therefore, it is important to develop methods and understand the underlying mechanisms 
for the long-term stabilization of the precursor solution containing organic cations, PbI2, and PbBr2 
dissolved in dimethylformamide (DMF) and DMSO mixed solvent, to improve the reproducibility 
window of the processing of thin films from solution processes for fabricating efficient PSCs. 
 
2.3 Stabilization of perovskite precursor solution 
2.3.1 Elemental sulfur 
 
Fig. 2.5 Molecular configuration of elemental sulfur. 
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Elemental sulfur exists as very stable S8 rings in its normal state with poor solubility and activity in 
most solvents.10 The solvent used in our system, a mixture of DMF and DMSO, can dissolve up to 0.06 
M. Cyclooctasulfur (S8) can be in the form of ring-opened polysulfides (SnX-, n < 5). The sulfur 
dissolution processes in DMF have been proposed as its dissolution to smaller species (S8 → 4S2), 
reduction (2S2 + 2e- → 2S2-), and formation of anions (2S2- → S42-).11 Similarly, the reduction of 
elemental sulfur in DMSO occurs as (ⅰ) reduction (S8 + 2e- → S82-), (ⅱ) second reduction (S82- + 2e- → 
S84-), and (ⅲ) formation of anions (S84- → 2S42-).12 Further, amine species readily react with it and induce 
the formation of free radicals of elemental sulfur.13, 14 Nucleophilic attack of sulfur by nitrogen causes 
the ring-opening of S8, resulting in an alkylammonium with an N-S bond: R2NH + S8 ↔ R2N+H-S8-. 
This complex reacts rapidly with other amines: R2N+H-S8- + R2NH ↔ R2N+H2 + R2N-S8- (Fig. 2.6A). 
These reactions do not require a catalyst or free electron sources and can occur under mild conditions. 
In addition, this interaction between the amine groups and sulfur is easily deduced from the fact that 
sulfur is readily soluble in amine solvents such as methylamine solution, ethylenediamine, and MAI 
dissolved in DMF and DMSO. Thus, as postulated in chemical equilibrium reactions (Fig. 2.6B), sulfur 
dissolved in the perovskite precursor solution forms a complex with methylamine and then inhibits its 
volatilization. 
 
Fig. 2.6 (A) Mechanism of reaction between elemental sulfur and amine species. (B) Proposed 








Fig. 2.7 Ultraviolet-visible (UV-vis) absorption spectra of (A) PbI2 dissolved in DMF and DMSO; (B) 
FAI and MABr dissolved in DMF and DMSO; (C) MAI, sulfur, and a mixture of MAI and sulfur 
dissolved in DMF. (D) Depth profiling of S- by time-of-flight secondary ion mass spectrometry (ToF-
SIMS). 
The easier formation of a complex with MA than with iodoplumbate dissolved in a precursor solution 
can be determined by comparing the differences in the absorbance caused by the addition of sulfur to a 
solution containing only PbI2 or only MA. Fig. 2.7A-C shows the UV–vis absorption spectra obtained 
before and after adding sulfur to a solution containing only MA/FA and PbI2. If elemental sulfur is 
ionized to sulfur species such as S2-, S3-, S4-, S42-, and S82-, absorption bands are observed between 400 
and 650 nm.10 However, we could not observe these absorption bands in the UV–vis absorption spectra. 
The absorption noted for PbI2 dissolved in sulfur containing DMF and DMSO (4:1 v/v) mixed solvent 
was the same as that for only PbI2 dissolved in the mixed solvent without sulfur (Fig. 2.7A). 
Furthermore, we could not observe the formation of PbS, which should be insoluble in our solvent 
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because if sulfur is ionized as free anions, it can readily react with the Pb cations to form PbS.15 
Therefore, elemental S may have been preferentially coordinated by MA, FA, or the solvent molecules 
without the formation of ionized species. The MAI-containing solution, however, showed a difference 
in the UV–vis absorption spectrum (Fig. 2.7B). Compared with the solutions containing only MAI (5 
mg mL−1) and only elemental sulfur (1 mg mL−1), the one with both MAI (5 mg mL−1) and elemental 
sulfur (1 mg mL−1) showed different absorption. FAI and MABr dissolved in the mixed solvent and in 
the perovskite precursor solution showed the same tendency as MAI in a DMF solution (Fig. 2.7C). In 
addition, in the ToF-SIMS of Fig. 2.7D, we see that the perovskite layer obtained from the sulfur 
containing precursor solution is strongly enriched in sulfur relative to the pristine perovskite layer. 
 
Fig. 2.8 Perovskite precursor solution color change depends on time. (A) FAPbI3 black powder is 
dissolved in a mixed solvent of DMF/DMSO. (B) Conventional perovskite precursor solution wherein 
both FAPbI3 and MAPbBr3 powders are dissolved in the mixed solvent. (C) Elemental sulfur is added 
to the conventional solution. 
In the solution state, we observed a visual difference between a solution of only FAPbI3 in the DMF 
and DMSO (8:2 v/v) mixed solvent and the conventional (FAPbI3)0.95(MAPbBr3)0.05 perovskite 
precursor salts in the mixed solvent with and without sulfur, with progress in time (Fig. 2.8). The 
hydroiodic acid (HI) solution changed its color from transparent to dark red with time because iodide 
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(I−) was gradually oxidized to molecular iodine (I2). Similarly, in the perovskite precursor solution 
without sulfur, volatile methylamine was lost with time, and excess HI was easily oxidized to I2. The 
color of the solution with only black FAPbI3 powder dissolved in the mixed solvent changed slightly 
(Fig. 2.8A). For the perovskite precursor solution without sulfur, the color change was more rapid (Fig. 
2.8B). In the case of sulfur added to the conventional perovskite precursor solution, the color change 
was not distinguishable (Fig. 2.8C). This means that the added sulfur protects the methyl ammonium 
cation and stabilizes the iodide anion. 
 
Fig. 2.9 X-ray diffraction (XRD) patterns and photographic images of films deposited from a precursor 
solution aged for times (A) without and (B) with sulfur. 
The crystal structures of the films deposited from the precursor solutions with and without sulfur were 
analyzed by XRD, and the results are compared in Fig. 2.9A, B as a function of the aging time of the 
precursor solution. In the XRD patterns, the main XRD peaks of α-FAPbI3, δ-FAPbI3, and PbI2 appear 
at 2θ = 13.9°, 11.8°, and 12.6°, respectively. PbI2 peaks were observed when the precursor solution 
without the sulfur additive was aged for more than 24 h, and the intensities of these peaks increased 
with increasing aging time. In a thin film deposited with a precursor solution aged for 72 h, the δ-FAPbI3 
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phase was observed. The appearance of PbI2 and δ-FAPbI3 in films obtained from aged precursor 
solutions is consistent with previously reported results.16 Finally, in a film deposited from a solution 
aged for 192 h, all the α-FAPbI3 was completely converted to δ-FAPbI3 (Fig. 2.9A). In contrast, films 
deposited with the sulfur-containing precursor solutions retained the α-FAPbI3 phase without the 
appearance of δ-FAPbI3 even after more than 1 week (192 h) of stirring the solution, whereas only a 
small amount of PbI2 was produced (Fig. 2.9B). 
 
Fig. 2.10 J-V curves and distribution of power conversion efficiency (PCE) of PSCs fabricated as a 
function of the aging time of the precursor solutions (A, B) without and (C, D) with sulfur additive 
(0.03 M). 
Fig. 2.10 shows the J-V curves and variation in the PCE of PSCs fabricated from perovskite precursor 
solutions without or with different amounts of the sulfur additive. Before spin-coating the perovskite 
layer, the perovskite precursor solution in the capped vial was maintained at 60 °C with stirring in a 
room lit with white light at 20%–35% humidity. After a certain aging time, the precursor solution was 
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spin-coated without cooling to room temperature. The J–V characteristics and distribution of the PCE 
of the solar cells depended on the aging time of the precursor solution. The PCE of PSCs fabricated 
from a perovskite precursor solution without the sulfur additive declined rapidly (Fig. 2.10A, B); the 
PCE of the PSC (24 h) derived from a precursor solution aged for only 24 h dropped by 15% as 
compared to the PCE (20.82%) of a device (1h) fabricated from a freshly prepared precursor solution 
(Fig. 2.10 C, D). For a PSC (72 h) derived from a solution aged for 72 h, the efficiency reduced to 75% 
of the initial value (20.82%). As shown in Fig. 2.10A and Table 2.1, the short-circuit current (Jsc), 
open-circuit voltage (Voc), and fill factor, which determine the efficiency, decreased simultaneously, 
with the most dominant factor being Jsc. However, the PCE of the PSC derived from a precursor solution 
containing 0.03 M sulfur remained at ≈18% despite aging the precursor solution for over a week. The 
decline in the Jsc of devices fabricated using the sulfur-containing precursor was found to be very small 
at ≈1 mA cm−2. 
Table 2.1 Performance parameters of devices fabricated using precursor solution aged for (A) 0 h and 









In summary, we significantly improved the stability of a perovskite precursor solution upon aging by 
adding elemental sulfur to it. The stability of the precursor solutions was investigated with respect to 
aging time by evaluating the performance of the derived PSC and by XRD analyses of the films spin-
coated from them. The stability of the precursor solution with aging time is related to the transformation 
of the α-FAPbI3 phase to the δ-FAPbI3 one due to the reduction of MA present with FA. Sulfur in the 
precursor solution formed a complex with MA, thus retaining MA in the solution, thereby increasing 
the stability of the perovskite solution. Although the sulfur added in the precursor solution remained in 
the perovskite film, the efficiency of the derived PSC did not decrease substantially, while the chemical 
stability of the PSCs increased. The findings of our study are expected to expand the experimental 
window for the reproducibility of the high efficiency of the PSC fabrication process and can provide a 

















Chapter 3. Highly Efficient and Stable Perovskite Solar Cells 
 
3.1 Efficiency increases of perovskite solar cells 
 
Fig. 3.1 Schematic diagram of the increase in efficiency of perovskite solar cells and perovskite devices 
structure of n(negative)-i(intrinsic)-p(positive) and p-i-n. And PCE and Jsc of certified champion 
efficiency from 2017 to 2019. 
PSCs have increased in efficiency at a very rapid rate in the last decade (Fig. 3.1). In 2009, professor 
Miyasaka firstly demonstrated 3.8% of efficiency perovskite solar cells with dye-sensitized solar cells 
(DSSC).17 Three years later, professor Nam-Gyu Park demonstrated all-solid-state perovskite solar cells 
with 9% of efficiency.18 In 2014, efficiency of 16.2% was achieved through solvent-engineering.19 From 
this point, the anti-solvent method was widely used to deposit uniform and dense perovskite layer. A 
year later, 18% and 20% were achieved through compositional engineering using FAPbI3-based 
perovskites.20, 21 From here, mixed-cation system was widely used. Thereafter, efficiency increased 
from 22% to 25.2% over the three years from 2017 to 2019.21-23 For now, record efficiencies were 






3.2 Maintaining bandgap 
3.2.1 Shockley-Queisser limit 
 
Fig. 3.2 Shockley-Queisser (SQ) limit which present theoretical maximum efficiency of photovoltaic 
devices depends on bandgap of photo-absorbing material. 
In physics, the SQ limit is the maximum theoretical efficiency of a single-junction solar cell to collect 
power form the cell where the only loss mechanism is radiative recombination in the solar cell.24 The 
theoretical maximum efficiency is 33.7% for a solar cell with a bandgap of 1.34 eV under global solar 
spectra (AM 1.5G) (Fig. 3.2). The bandgaps of lead halide perovskites (LHPs) are wider than the ideal 
value (Table 3.1). Among the LHPs, bandgap of FAPbI3 is near optimum but phase stabilizer such as 




Table 3.1 The bandgaps of representative LHPs. 
 
 
3.2.2 New additive: MDACl2 
Efforts to improve the stability of FAPbI3 have focused on mixed cation-anion hybrid LHPs that 
incorporate several cations, anions, or both, such as the FAxMA1–x double cation or the FA1–x–yMAxCsy 





.25, 26 Nevertheless, when MA and Br are alloyed in FAPbI3, various problems such as low thermal 
stability27 caused by the addition of MA, phase separation28 caused by the presence of mixed halides, 
and reduced photon absorption arise, thereby resulting in low current density owing to an undesirable 
increase in the bandgap. Although the α-FAPbI3 phase without MA can be stabilized by incorporating 
phenylethylammonium lead iodide29 through surface functionalization30 or by using both Rb and Cs,31 
the resulting PCE is still low when compared with that obtained with the use of the FAxMA1–x double 
cation. To further increase the PCE by enhancing the photocurrent density resulting from increased light 
harvesting, a new composition is needed that stabilizes the α-phase while maintaining the inherent 
bandgap of FAPbI3. The ionic radii and molecular configuration of methylenediammonium [+H3N–
CH2–NH3+ (MDA), 262 picometers (pm), calculated] and FA (+H2N=CH–NH2, 256 pm) are comparable 
except for the valence-state difference (Fig. 3.3). However, MDA has more hydrogen atoms than FA 
and even MA, which means that it can form a greater number of H bonds with I
−
. Thus, MDA could 




Fig. 3.3 Molecular configuration of FA+ and MDA+ and structure relaxation for the electronic band 













Fig. 3.4 Preparation of FAPbI3:xMDACl2 (x = 0, 1.9, 3.8, and 5.7 mol%). (A) Ultraviolet-visible 
(UV-vis) absorption and photoluminescence (PL) spectra of perovskite layers with different x values. 
The perovskite layer based on 0.95FAPbI3/0.05MAPbBr3 as control was also investigated. (B) 
Electronic band structures of (a) FAPbI3, (b) representative FA0.926(VFA)0.037MDA0.037PbI3, and (c) 
representative FA0.963MDA0.037PbI3(Cli)0.037. The doping amount of 0.037 in the calculation was given 
by 1/27 (= 0.03704) based on the 3x3x3 supercell for the composition close to the actual experiment. 
(C) X-ray diffraction (XRD) patterns of perovskite prepared with different x values and the control 
layer exposed to 80% humidity for 24 h after annealing of the coatings of the precursor solution at 
150 °C for 10 min. (D) Grazing-incidence wide-angle x-ray scattering (GIWAXS) 2D images at full 
depth of x-ray incident angle for perovskite layers for (a) x = 3.8 mol% and (b) control. 
We deposited a thin film of FAPbI3 incorporating MDACl2 with a process similar to that reported 
previously for state-of-art mixed perovskites32-35 but adding MDACl2 instead of MAPbBr3. The UV-vis 
absorption spectra of FAPbI3:xMDACl2 (x = 0, 1.9, 3.8, and 5.7 mol%) slightly blue-shifted with 
increasing amounts of MDACl2 (Fig. 3.4A). This result is consistent with the corresponding shifts of 
photoluminescence (PL) emission peaks from 826 nm to 824, 822, and 820 nm, and 816 nm for the 
32 
 
control. The presence of MDA in the perovskite was confirmed by Fourier-transform infrared 
spectroscopy (FT-IR, Fig. 3.5) and nuclear magnetic resonance (NMR, Fig. 3.6). Thus, MDACl2 may 
have been incorporated into the perovskite lattice within the experimental x-value range. 
 
Fig. 3.5 Comparison of Fourier-transform infrared spectroscopy results of MDACl2, target, and control. 
 
Fig. 3.6 Nuclear magnetic resonance (NMR) spectra of MDACl2, target, and control. 
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The bandgap changes in FAPbI3 caused by the introduction of MDACl2 were calculated via density 









−1] + VxFA +  2xFACl − − − (1) 









−1] + Clxi + xFACl − − − (2) 
Equations (1) and (2) represent compositions that assume the FA cation vacancies and the insertion of 
Cl- with a small ionic radius, respectively, upon the addition of MDACl2. The bandgap (1.47 eV) with 
the FA-vacancy (VFA) composition as per Eq. (1) is slightly greater than that of pristine FAPbI3 (1.45 
eV), and the Cl interstitial composition (Cli) based on eq. (2) yielded an increased band gap of 1.69 eV 
(Fig. 3.4B). We expected that the addition of MDACl2 to FAPbI3 would mainly result in FA defects 
and the possible induction of PL quenching. However, adding 3.8 mol% MDACl2 to FAPbI3 enhanced 
the PL quantum yield as measured with an integrated sphere but was greatly reduced with further 
MDACl2 addition. This result implies that the FA defects did not act as deep electron traps. As reported 
previously,27 pristine FAPbI3 thin films annealed at high temperatures exhibited a black -phase that 
absorbed long-wavelength light. However, the -phase transitions to the yellow -phase within 10 days 
at room temperature and within 1 day under high-humidity conditionsref because the metastable 
polymorphs stabilized at high temperature are preferably converted back to the thermodynamically 
stable phase below 120°C. 
The structural stabilization of the -phase in FAPbI3 with added cations can be explained by several 
factors. First, the -phase stabilization by smaller cations such as Cs+ can be understood from the 
Goldschmidt tolerance factor t approaching 0.9, which is similar to that of MAPbI3, by mixing FAPbI3 
(t ~ 1) and CsPbI3 (t ~ 0.8).36 Second, cation mixing in the A-sites affords entropic stabilization through 
the resulting entropic gain and small internal energy input to form their solid solution.26 Third, the 
stabilization of -FAPbI3 with MA cations can be explained by the presence of strong H bonds between 
I- and H–N groups.37 The -FAPbI3 phase can be more easily stabilized when MA, Cs, or both are used 
with Br- of small ionic radii, and high-efficiency PSCs are normally fabricated using -FAPbI3 
stabilized by mixed cations and anions.  
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We expected that MDA could stabilize -FAPbI3 through the partial replacement of FA sites because 
MDA has more H groups with an ionic radius similar with that of FA and a stronger ionic interaction 
of its divalent state. The XRD patterns of FAPbI3:xMDACl2 (x = 0, 1.9, 3.8, and 5.7 mol%) and the 
control layers exposed to 80% humidity for 24 h after annealing of the coatings of precursor solution at 
150 °C for 10 min (Fig. 3.4C) show two peaks characteristic of the -FAPbI3 phase at 14.3° and 28.6° 
assigned to the (001) and (002) crystal planes, respectively, and one peak at 11.6° corresponding to the 
δ-phase. After exposure to high humidity for 24 h, pure FAPbI3 completely converted to the -phase, 
and FAPbI3 with 1.9 mol% MDACl2 exhibited a strong phase transition, with the control also exhibiting 
a certain amount of the -phase. In contrast, FAPbI3 incorporating 3.8 and 5.7 mol% of MDACl2 
retained the -phase. 
The addition of MDACl2 likely formed FACl or substituted residual MDACl2. However, the final 
annealed perovskite films did not exhibit any impurity peaks such as those of FACl and MDACl2. This 
result implies that MDACl2 was successfully incorporated into the FAPbI3 perovskite lattices, and the 
resulting FACl was eliminated by annealing at 150°C for 10 min, because FACl easily volatilized during 
heat treatment. The structural phase of FAPbI3 with and without the substitution of the representative 
3.8 mol% MDA and presence of other phases such as FACl or MDACl2 was further characterized via 
grazing-incidence wide-angle x-ray scattering (GIWAXS). In Fig. 3.4D, we observed diffraction rings 
assigned to α-FAPbI3-(100)c, α-FAPbI3-(200)c, α-FAPbI3-(210)c δ-FAPbI3-(100)h, and PbI2-(001)t for 
the two representative samples. In addition, different crystal orientations of α-FAPbI3, [100]c and [200]c, 
were observed as preferential GIWAXS peaks for both samples. The PbI2 components remaining in 
both perovskite layers showed similar out-of-plane orientations. The GIWAXS ring patterns of α-
FAPbI3:xMDACl2 (x = 0 and 3.8 mol%) did not exhibit appreciable differences, and the fitted azimuthal 
circular average GIWAXS 1D full spectra were also nearly identical, without showing any peaks related 
to FACl or MDACl2. This result indicated that MDA is substituted into the FAPbI3 lattice, as estimated 




Fig. 3.7 Device performance. (A) Power conversion efficiency of perovskite solar cells fabricated with 
different x values of FAPbI3:xMDACl2 (x = 0, 1.9, 3.8, and 5.7 mol%) and the control. Comparison of 
(B) J–V curves and (C) external quantum efficiency (EQE) between target (x = 0.38 mol%) and control. 
(D) Comparison of surface morphologies and cross-sectional images of target and control acquired with 
scanning electron microscopy (SEM). 
Fig. 3.7A compares the PCE distributions of the PSCs fabricated with FAPbI3:xMDACl2 (x = 0, 1.9, 
3.8, and 5.7 mol%) and the control. The average PCE values of the PSCs fabricated with no MDACl2 
improved from 22.012 ± 0.51% to 22.46 ± 0.34% for 3.8 mol% MDACl2 mainly from an increase in 
JSC, while exhibiting similar or greater VOC and FF values (Fig. 3.8). When more MDACl2 (5.7 mol%) 
was added, the degradation of crystallinity and PL caused the PCE slightly declined from a decrease in 
both JSC and VOC. The initial PCE of the PSC fabricated without MDACl2 was fairly high38 but decrease 




Fig. 3.8 Variation in Jsc, Voc, and FF for different x values of FAPbI3:MDACl2 (x = 0, 1.9, 3.8, and 5.7 
mol%) and control. 
 
Fig. 3.9 (A) PCE changes in FTO/bl-TiO2/mp-TiO2/Perovskites (0, 3.8 mol%)/Spiro-OMeTAD/Au 
(unencapsulated) measured over time stored under ambient condition (RH 20-30%, 25 ℃) in a dark. 




Therefore, in terms of efficiency and phase stability, we fixed 3.8 mol% in an appropriate amount, and 
compared its characteristics with the control. We passivated the surface of the target and control layers 
by means of previously reported methods.22 Fig. 3.7B compares the J–V characteristics, one of the 
“best-performing” PSCs fabricated with 3.8 mol% MDACl2 (denoted as the target) and the control.  
The JSC, VOC, and FF values (table S1) calculated from the J–V curves of the target were estimated as 
26.50 mA cm-2, 1.14 V, and 81.77%, respectively; these correspond to a PCE of 24.66% under standard 
AM 1.5 conditions, mainly the result of the very high JSC value. The control exhibited a PCE of 23.05%, 
with Jsc = 25.14 mA cm-2, VOC = 1.14 V, and FF = 80.55%. As expected, the surface passivation of 
perovskite layers improved both VOC and FF, but JSC remained almost unchanged, which resulted in the 
PCE of >24%. The external quantum efficiency (EQE) comparison of the control and target in Fig. 
3.7C that the efficiency improvement of the PSC with MDACl2 was the result of the expansion of the 
range of absorption wavelengths. 
The improvement in PCE with a suitable amount of MDA meant that the negative influence of VFA 
defects was compensated by other beneficial factors. Because the PCE of PSCs depends on the surface 
morphology of the perovskite layers, we compared the surface roughness and grain sizes of the target 
and the control with scanning electron microscopy (SEM). We found no notable differences of the 
cross-sectional thickness of the two representative layers, the control, and the target (Fig. 3.7D), so the 
introduction of MDACl2 into the precursor of FAPbI3 did not affect the features of the perovskite layers. 
The performance factors for device shown in Fig. 3.7B, certified an accredited laboratory (Newport, 
USA) by means of the quasi-steady-state (QSS) method (Fig. 3.10), a newly established measurement 
standard for certification, were JSC = 26.1 mA cm-2, VOC = 1.15 V, and FF = 79.0%, which corresponds 
to a stabilized PCE of 23.73%, the highest reported for devices using mp-TiO2 as an electrode. Another 
certified device recorded a very high JSC (26.70 mA cm-2) value, which is the highest reported in FAPbI3-
based PSCs, along with VOC = 1.144 V and FF = 77.56%, corresponding to a stabilized PCE value of 
23.69%. As per the certification process, the JSC and VOC values obtained from the QSS method were 
similar with the corresponding ones of the I–V measurements conducted in the reverse-bias mode; 




Fig. 3.10 Certified results for the target devices from accredited photovoltaic certification laboratory 
(Newport, USA). 
 
Fig. 3.11 Long-term stability test. Comparison of (A) humidity (85% relative humidity (RH), 25°C) 
and (B) thermal (150°C, at ~ 25% RH) stability performances of unencapsulated control and target.  
(C) Maximum power point tracking measured with the encapsulated target device under full solar 
illumination (AM 1.5G, 100 mW/cm2 in ambient condition.) without a UV-filter. 
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We compared the long-term humidity, thermal-, and photo-stability performances of the unencapsulated 
control and target in Fig. 3.11. We used copper phthalocyanine (CuPC) as the hole-transporting material 
(HTM) to prevent degradation by hygroscopic dopants and spiro-OMeTAD itself at 150°C. The target 
device exhibited higher humidity stability, retaining > 90% of the initial PCE after 70 h under high 
humidity (85% relative humidity (RH), 25°C), than the control PCE that reduced to 40% of the initial 
value (Fig. 3.11A). The thermal stability monitored at 150 °C, at ~ 25% RH (Fig. 3.11B) indicates that 
the control device PCE degraded gradually, reaching <20% of the initial PCE after 17 h, because of 
MA evaporation. The target device maintained >90% of its initial PCE and exhibited greatly improved 
thermal stability. In addition, the long-term photo-stability (encapsulation and ambient condition) of the 
PSC including spiro-OMeTAD as HTM was tested with maximum power point tracking (MPPT) under 
full solar illumination without UV-filter (Fig. 3.11C). Despite the use of TiO2 photoelectrode with high 
photocatalytic effect, the target device exhibits very high photo-stability, maintaining around 90% of 
its initial PCE (>23.0%) over 600 hours of irradiation. This result can be attributed with both the high 
concentration of Cl ions in the interface between photoelectrode and perovskite,39 and the stabilization 














3.3 Relieving unwanted strain 
3.3.1 Strain of the perovskite layer 
The residual strain in halide perovskites substantially affects the performance of the PSCs by reducing 
structural stability,40, 41 increasing the carrier mobility,42 and suppressing atomic vacancies.43 Lattice 
strain was directly related to increased defect concentration and nonradiative recombination, which is 
associated with the efficiency.44 Huang et al.45 reported the reduction of residual strain by thermal-
annealing of perovskite films produced by a solution process enhanced the intrinsic stability of the films 
under illumination by decreasing ion migration. Chen et al.46 demonstrated that α-FAPbI3 can be 
stabilized by growing a single crystal on the substrate, and the bandgap and hole mobility also changed 
when a compressive strain was applied. 
Alloyed mixed halide perovskite are non-uniform because of the phase separation through segregation 
of ions, which causes local lattice mismatch and leads to residual deformation. The efficiency was 
increased by improving carrier transport and extraction at the interface of the perovskite absorber and 
hole transport material (HTM) by controlling the vertically strained gradient with flipped annealing 
method.46 Xue et al.47 observed that the stability considerably improved with added compressive strain 
by using an HTM with a high coefficient of thermal expansion for the perovskite film. Tsai et al.48 
reported improved PSC device performance under continuous light illumination because of the uniform 
lattice expansion in the perovskite film. 
The strain in APbI3 perovskite can also be reduced by substituting some of the Pb2+ ions with iso-valent 
Cd2+ ions of a small ionic radius.43, 49 As a result, both the efficiency and stability improved with the 
relaxation of the local lattice strain. Similarly, it was shown for mixed (FASnI3)0.5(MAPbI3)0.5 PSCs, 
the addition of 2.5 mol% of Cs+ ions led to the relaxation of the lattice strain, resulting in a lower 
concentration of defects, which in turn improved efficiency.50 Therefore, the strain engineering of lead 
halide perovskites has attracted attention as a method to further improve both the efficiency and stability 
of PSCs. 
To further progress, we modified our composition.51 Compared with stabilizing -phase by adding MA+ 
or Cs+ (which have a smaller ionic radius than FA+), the change in the bandgap is very small, and a high 
short-circuit current (Jsc) was obtained with relatively better stability. Nevertheless, substituting only 
MDA2+ cations with a larger ionic radius (Fig. 3.12) or Cs+ smaller ionic radius than FA+ can distort 
Pb-I-Pb bonds by tilting the PbI6 octahedron. One of the most common strain compensation strategies 














Fig. 3.13 Characterization of perovskite thin films deposited on mp-TiO2 for the (xMC/FAPbI3) 
and control perovskite films. (A) XRD patterns of perovskite film, (B) GIWAXS for x = 0.04, (C) 
magnified (100) diffraction peaks in the region indicated by the green in (A), and (D) UV-vis absorption 
and normalized PL spectra. 
The xMC/FAPbI3 (x = 0.01, 0.02, 0.03, and 0.04 mole fraction) perovskite thin films were deposited by 
our solvent engineering process34, 51, 52 using precursor solutions that dissolved the FAI and PbI2 with 
the desired number of MDA2+ and Cs+ cations. Here, MC is an abbreviation that means that MDA2+ and 
Cs+ were mixed in the equimolar amount (e.g., MDA: Cs = 1:1). Fig. 3.13A shows the XRD patterns 
of the samples with different x values for the perovskite thin layers prepared directly on mesoporous-
TiO2 (mp-TiO2) electron-transporting layer. In the XRD patterns, two dominant peaks could be seen at 
approximately 14° and 28°, which we assigned to the characteristic (001) and (002) crystal planes of 
the -FAPbI3 phase, while no -phase appeared at 11.6°. 
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Interestingly, the diffraction intensity of the two peaks increased, and no new peaks appeared, as x 
increased. Because crystallographic data usually measured from one-dimensional XRD only provides 
limited structural information, particularly for highly oriented perovskite films, we obtained two-
dimensional grazing-incidence wide-angle x-ray scattering (GIWAXS) patterns to probe changes in the 
crystallographic orientations of the perovskite film with x. Distinct and relatively strong spots were 
observed in the ring patterns (Fig. 3.14A) as x increased (i.e., increased substitution). The GIWAXS 
patterns for x = 0.04 (Fig. 3.13B), exhibited a strong diffraction intensity and was similar to x = 0.03 
(Fig. S1C), but had slightly greater intensity and appeared more clearly as a mixture of scattered 
secondary spots and rings. The preferential crystal orientations for α-FAPbI3 were observed out of the 
plane in the direction [100]c and [200]c. We concluded that the diffraction intensity increased with 
increasing x because of the highly oriented crystal domains, and not the improvements in the 
crystallinity. 
 
Fig. 3.14 (A)-(C) GIWAXS patterns of thin layers deposited on mp-TiO2 electrode with different x 
values in (xMC/FAPbI3) (MC is an abbreviation that means that MDA2+ and Cs+ are mixed in the 
equimolar fraction) (D) Azimuthal circular average fitted from GIWAXS 1D spectra. 
In addition, compared with 0.038MDA/FAPbI3 (denoted as control), the peak position at ~14° gradually 
shifted to higher angles from 14.07° to 14.16° as x increased until x = 0.03, then it slightly decreased 
to 14.12° at x = 0.04 (Fig. 1C). In the same crystal, because the diffraction angle (2θ) reflected the 
expansion and contraction of the lattice, the diffraction angle could shift depending on the proportion 
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of the relatively smaller Cs+ and larger MDA2+ cations to the FA+ cations. This result suggested that the 
incorporation of Cs+ and MDA2+ into the lattice of FAPbI3 formed solid-state alloy. 
Inferring the deviation from this trend at x = 0.04, we expected the composition of the actual perovskite 
thin film to differ slightly from the composition of the precursor solution. Nevertheless, the change in 
optical properties with x was negligible. In Fig. 3.13D, UV-vis absorption spectra and normalized PL 
data with different x mole fraction in xMC/FAPbI3 and control are compared. A slight blue-shift was 
observed in the absorption onset as x increased, however, the shift was very small compared with the 
composition in which a single Cs+ cation is added to pure FAPbI3.31 The corresponding shifts are 
consistent with the PL emission peaks from of 826, 825, 825, and 824, and 827 nm for x = 0.01, 0.02, 
0.03, 0.04 and the control, respectively. 
 
Fig. 3.15 Performance and surface morphologies of PSCs fabricated with x in (xMC/FAPbI3) and 
control perovskite films. (A) Jsc, Voc, FF, and PCE statistics of 24 PSCs, (B) EQE curves of target and 




Fig. 3.15 shows the variation in solar cell characteristics with different x in xMC/FAPbI3 (x = 0.01, 
0.02, 0.03, and 0.04 mole fraction) and control. The devices comprised multiple layers, glass/fluorine 
doped tin oxide (FTO)/compact-TiO2/thin mp-TiO2/perovskite/2,2',7,7'-Tetrakis[N,N-di(4-
methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-OMeTAD)/Au. To confirm the effect of co-
substitution of MDA2+ and Cs+ on solar cell performance, at least 24 devices in each category were 
fabricated and evaluated in one experiment (Fig. 3.15A). The statistical distribution of factors such as 
Jsc, open-circuit voltage (Voc), and fill factor (FF) determining power conversion efficiency (PCE) 
showed that a relatively better performance was noticed for x = 0.03 (denoted as target) with a narrow 
distribution of Jsc, Voc, FF, and PCE and an average PCE of 22.72 ± 0.45%.  
In general, when the composition or coating process of the perovskite thin film is changed, the surface 
morphology may change and in turn change the efficiency. Thus, we imaged the surface morphology 
with the x in xMC/FAPbI3 (x = 0.01, 0.02, 0.03, and 0.04 mole fraction) and the control films by top-
view SEM images (Fig. 3.15D). Regardless of the amounts of additives, all films showed a similar grain 
size without apparent pinholes on the surface. These results indicate that the incorporation with small 
amounts of Cs+ and MDA2+ cations did not affect the morphological features of the perovskite layers, 
such as grain sizes and surface roughness.  
For simplicity, the control and target were compared to find out why the efficiency improved by 
substituting the same amount of Cs+ and MDA2+ in FAPbI3. Fig. 3.15B shows the external quantum 
efficiency (EQE) spectra for one of the representative control and target devices. The EQE onset of the 
target is slightly blue-shifted, which was consistent with the tuned bandgap (Fig. 3.13D). Nevertheless, 
as can be seen in the integrated Jsc (Fig 3.15B), this small blue shift in the bandgap was not appreciable. 
The similarities in Jsc implied that there was no substantial difference in the charge collection in the two 
comparison groups. 
The J-V characteristics of the best-performing control and target devices in a reverse and forward bias 
sweep with antireflective coatings on the device surface are compared in Fig. 3.15C. The Jsc, Voc, and 
FF values calculated from the J-V curve of the target were 26.23 mA cm-2, 1.168 V, and 82.15%, 
respectively; these factors correspond to a PCE of 25.17 % under standard air mass (AM) 1.5 conditions, 
whereas the control exhibited a PCE of 24.48 % with Jsc = 26.25 mA cm-2, Voc = 1.138 V, and FF = 
81.95%. The PCE of the target devices shown in Fig. 3.15C was certified by an accredited laboratory 
(Newport, USA) using quasi-steady-state (QSS) method. The stabilized PCE measured by QSS was 
24.37% with Jsc = 26.17 mA cm-2, Voc = 1.162 V, and FF = 80.13% for the small cell (Fig. 3.16A), and 
21.63% for the large cell (1x1 cm2, Fig. 3.16B). Within the scope of this study, the effect of 
compositional changes on Jsc was very limited, and most efficiency improvements were from an 
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increase in Voc. As noted earlier, because control and target devices have almost the same bandgap, 
surface morphology, and thickness, the large increase in Voc (low Voc loss) arose from the changes inside 
the crystalline perovskites. The Voc loss for x and control occurred at x = 0.03.  
 
 
Fig. 3.16 Certified result from accredited photovoltaic certification laboratory (Newport, USA) for (A) 




Fig. 3.17 Defect analysis of perovskite films deposited with x in (xMC/FAPbI3) and control. (A) 
Residual strain calculated in perovskites consisting of FTO/mp-TiO2/perovskite. (B) Steady-state 
photoluminescence and (C) time-resolved photoluminescence spectra of films deposited on glass. (D) 
Urbach energy calculated in perovskites consisting of FTO/mp-TiO2/perovskite, (E) thermally 
stimulated current spectra, and (F) trap density. 
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Generally, Voc-loss is directly related to reduction in defect concentration and nonradiative losses.53, 54 
In this regard, there have been many reports that lattice strain in perovskites increases defect 
concentrations and nonradiative recombination.55 We estimated the variation in lattice strain of 
perovskite films with x in xMC/FAPbI3 using the Williamson−Hall (WH) plot (individual plots with x 
are displayed in Fig. 3.18) from the XRD patterns of Fig. 3.13A. As can be seen in Fig. 3.17A, the 
strain decreased as x increased from 0.01 to 0.03, and then increased again at 0.04. Here, WH method 
considers the broadening of the peak as a function of the diffraction angle, which is assumed to be the 
combined effect of broadening induced by both the crystalline size and strain.56 Furthermore, the strain 
of perovskite films can also be attributed from the preferred crystalline phase and oriented domain 
boundaries etc. When the mole fraction of MDA and Cs incorporated in FAPbI3 was 3:3, the lowest 
strain appeared. This result proposes that 3:3 substitution of Cs+ and MDA2+ in FAPbI3 effectively 
mitigated the lattice strain in the perovskite structure (Fig. 3.19). Thus, reducing the strain of the lattice 
minimized defect centers or traps that can capture charge carriers and negatively impact solar cell 
performance. 
 
Fig. 3.18 Williamson−Hall plots with different x values in (xMC/FAPbI3) (here MC is an abbreviation 
that means that MDA2+ and Cs+ are mixed in the equimolar fraction) and control. 











 x = 0.01
Equation y = a + b*x
Plot B
Weight No Weighting
Intercept 0.00177 ± 5.25844E-4
Slope 0.00119 ± 6.22035E-4




















Equation y = a + b*x
Plot B
Weight No Weighting
Intercept 0.00207 ± 4.97978
Slope 0.00108 ± 5.87985








 x = 0.02
















Equation y = a + b*x
Plot B
Weight No Weighting
Intercept 0.00232 ± 3.73709E-4
Slope 5.60496E-4 ± 4.40558




 x = 0.03





 x = 0.04
Equation y = a + b*x
Plot B
Weight No Weighting
Intercept 0.0019 ± 4.5646E-4
Slope 9.85881E-4 ± 5.3904



























Equation y = a + b*x
Plot B
Weight No Weighting
Intercept 0.00176 ± 5.6836E-4
Slope 0.00123 ± 6.7158E-4












Fig. 3.19 Schematic illustration of the proposed distribution by incorporating the 3:3 equimolar faction 
of MDA and Cs cations within the perovskite crystal for compensating the lattice strain induced by 
difference between the radius of FA, MDA and Cs. 
Steady-state PL and time-resolved photoluminescence (TRPL) measurements were carried out to 
investigate the nonradiative carrier recombination of the perovskite thin films with different x 
(xMC/FAPbI3) and control. Fig. 3.17B displays PL spectra for the thin perovskite layers deposited on 
glass substrate. The addition of equal amounts of Cs+ and MDA2+ increased the PL intensity; the 
intensity maximized at x = 0.03 and then decreased again at x = 0.04. Under the same conditions, an 
increase in PL intensity implied a decrease in non-radioactive recombination. For a more quantitative 
comparison of charge recombination, TRPL was measured using time-correlated single photon counting 
(TCSPC) under low-intensity pulsed excitation, for which decay dynamics mostly reflect nonradiative 
trap-assisted recombination. From the PL decay curves in Fig. 3.17C, the carrier lifetime values were 
obtained by using the following biexponential equation: Y = A1exp(-t/τ1) + A2exp(-t/τ2), where τ1 and τ2 
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denote the fast and slow decay time and are related to the trap-assisted non-radiative recombination 
processes and radiative, respectively. Both τ1 and τ2 at x = 0.03 are the longest, including control. This 
increased lifetime was consistent with the reduction of lattice strain, indicating that the relaxation of the 
strain suppressed nonradiative recombination by reducing the number of trap states. 
Changes in the lattice strain can also affect the Urbach energy (Eu). A lower Eu of the perovskite film 
indicates a higher structural quality of the film, as well as a lower voltage loss between Voc and the 
bandgap voltage. Fig. 3.17D shows Eu for the perovskite films calculated from UV-vis absorption 
spectra with the following equation: α = α0 exp(hν/Eu), where α is absorption coefficient and hν is 
photon energy. The Eu of the control and target films were 30.18 and 26.88 meV, respectively (Fig. 
3.17D). Interestingly, the change in Eu of FA1-3xMCxPbI3 perovskite films shows a similar trend with 
the change in the micro-strain of the films. This result implies that the lattice strain is closely related to 
the trap states in the perovskite films. 
To further understand the total quantity and energetic levels of the trap states, thermally stimulated 
current (TSC) analysis was performed in complete devices. Fig. 3.17E presents the TSC spectra for 
temperatures from 120 to 300 K for (xMC/FAPbI3) (x = 0.01, 0.02, 0.03, and 0.04 mole fraction)-based 
PSCs compared with the control device. The TSC signal could be integrated to estimate the lower limit 




where NT,TSC is the trap density, e is the elementary charge, and Vol is the volume of the perovskite layer 
57, 58. The trap density, NT,TSC of the control device (8.86 × 1016 cm-3) was the highest, which indicates 
that the strain in the perovskite structure induced an increase in defects. The trap density decreases in 
the (xMC/FAPbI3) devices from x = 0.01 to x = 0.03, where it was smallest (4.76 × 1016 cm-3), and then 
increased at x = 4 (Fig. 3.17F).  
To extract the activation energy of the trap states, the slope of the initial rise of the TSC current, which 
was attributed to the start of trap release, in the Arrhenius plot for each condition was fitted to the 
following equation: 




where EA, kB, and T are the activation energy, Boltzmann constant, and temperature, respectively.59 For 
the control device, trap states with an activation energy EA1 = 150 meV were estimated (Fig. 3.20). For 
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x = 0.01, a higher activation energy (224 meV) was observed, but it was remarkably reduced at x = 0.02 
(131 meV) and x = 0.03 (130 meV), and then rapidly increased to 272 meV at x = 0.04. A higher 
activation energy indicates traps formed deeper in the bandgap, which promotes nonradiative 
recombination. At very low temperatures < 250 K, the activation energy EA2 of x = 0.03 (169 meV) was 
slightly lower than that of the control (183 meV); however, it is speculated that the EA1 value is more 
critical to real operational conditions, which are greater than room temperature (298 K). The defect 
analysis, PL, TCSPC, Urbach energy, and TSC results were in good agreement with the changes in the 
lattice strain of the (xMC/FAPbI3) (x = 0.01, 0.02, 0.03, and 0.04 mole fraction) perovskites, which 
implies that the enhanced device performance with improved Voc was closely related to defect 
passivation induced by the strain relaxation of the perovskite structure. 
 
Fig. 3.20 Arrhenius plot with different x values in (xMC/FAPbI3) (here MC is an abbreviation that 








In the primary work, we proposed and evaluated a novel type of phase-pure -FAPbI3 perovskite for 
solar cell operation via incorporating a small amount of MDACl2 into FAPbI3. The divalent cation MDA 
stabilizes the phase of FAPbI3 with negligible bandgap tuning, which affords unprecedented JSC values 
in the FAPbI3 devices, which in turn exhibit superior humidity and thermal stability performances 
relative to our control sample (FAPbI3 stabilized by MAPbBr3). As a result, we were able to fabricate 
solar-cell devices with efficiencies >24% (certified stabilized efficiency of 23.7%) exhibiting stable 
high-humidity operation and good thermal stability (retention of more than 90% of the initial PCE after 
70 h exposure to high humidity (85% RH and 25 C) after annealing at 150 °C for 20 h). The origin of 
both the PCE and stability improvements upon the addition of a suitable amount of MDACl2 can be 
attributed to (i) increased -phase stability due to an increase in the numbers and strength of 
intermolecular N−H···I hydrogen bonds between divalent MDA and the Pb−I lattice, (ii) reduction in 
lattice strain reflected by the change in the Goldschmidt tolerance factor because of the presence of 
vacant FA cations, and (iii) increased thermal stability due to the presence of smaller interstitial Cl- ions 
in the FAPbI3 lattice. 
For further progress, we modified our composition via doping of small amount of Cs+ ion to the MDA 
doped FAPbI3. We incorporated the same molar ratio of two cations (Cs+ and MDA2+) to stabilize the 
-phase of the FAPbI3 perovskite. The optimized amount of Cs+ and MDA2+ reduced the lattice strain 
and trap densities, which resulted in enhanced Voc and reproducible PCEs. The best performing PSC 
showed a PCE > 25% (24.4% certified) for the small device. In addition, the relatively uniform and low 
strain perovskite film made it possible to achieve the highest reported efficiency of 21.63% PCE over 
a large area (1x1 cm2). Unencapsulated devices retained 90% of their initial efficiency after 1000 h 









Chapter 4. Wide-bandgap Perovskites 
 
4.1 Candidates for wide-bandgap perovskites 
 
Fig. 4.1 Efficiency increases of (A) mixed-halide wide-bandgap perovskites (MHWPs) and (B) 
inorganic perovskites. 
Wide-bandgap perovskites with bandgaps in the range from 1.65 eV–1.75 eV are used in tandem with 
silicon (Si)25 or low-bandgap perovskites-based solar cells.60 State-of-the-art wide-bandgap perovskites 
can be classified as mixed-halide wide-bandgap perovskites (MHWPs)61, 62 and all-inorganic 
perovskites.63 The power conversion efficiency (PCE) of MHWPs with Br/I-alloyed bandgaps is 
relatively high; however, halide segregation owing to the Br-I mixture tends to cause poor 
photostability.64 Furthermore, state-of-the-art levels of MHWPs show increased photo stability with 
over 20%. Kim et al.65 achieved a PCE of 20.7% by anion-engineering the composition of the 
(FA0.65MA0.2Cs0.15)Pb(I0.8Br0.2)3 perovskite (FA and MA denote formamidinium and methylammonium, 
respectively) and Xu et al.62 achieved a PCE of 20.3% using Cl- ion doping via the addition of MAPbCl3 
to the FA0.75Cs0.25Pb(I0.8Br0.2)3 perovskite.66 However, these perovskites contained considerable 
amounts of MA+ cations, which caused poor thermal stability, and still lack of operational stability data 
under full sunlight irradiation. 
As an alternative to MHWPs, all-inorganic cesium lead triiodide (CsPbI3) has recently attracted the 
attention of researchers owing to its high thermal stability, lack of halide segregation, anti-solvent free 
synthesis process, and high potential possibilities for efficiency improvement (Fig. 4.1). CsPbI3 presents 
various phases, such as α, β, γ, and δ, depending on the temperature or experimental conditions used to 
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fabricate it.67, 68 Among them, the β-phase presents the suitable bandgap of 1.68–1.70 eV which renders 
it appropriate for tandem use.69 Recently, Wang et al.70 reported the use of dimethylammonium iodide 
(DMAI) during the relatively low-temperature synthesis of β-CsPbI3 and achieved the high PCE of 
19.03% in a dry box under very accurately controlled humidity (<10% RH) conditions. Nevertheless, 
the thus-obtained CsPbI3 thin film still contained many pinholes and was less efficient than the organic 
cation-based mixed-halide lead perovskite with similar bandgap. Controlling crystallization process of 
perovskite materials greatly affects their surface morphology.71, 72 The solvent-engineering19 (or anti-
solvent) method is the most commonly used approach to obtain highly dense, pinhole-free, and uniform-
surface perovskite films. The dropwise addition of anti-solvents, such as toluene, chlorobenzene, and 
diethyl ether, during spin-coating is widely used despite the difficulties encountered during the practical 
process. However, even when methyl acetate, which has been reported as an effective anti-solvent for 
the fabrication of γ-CsPbI3,73 was used, the resulting performance is still significantly low. Moreover, 
the use of methyl acetate for the formation of other CsPbI3 phases has not been explored in detail. 
 
4.2 Improving morphology of CsPbI3 
4.2.1 Morphologies of CsPbI3 
 
Fig. 4.2 SEM surface morphology images of β-CsPbI3 with efficiency of (A) 18.4% Copyright ©  2019, 
Copyright ©  2019 The Authors, some rights reserved; exclusive licensee American Association for the 




Recently efficiency of β-CsPbI3 is increased rapidly reaching ~19%. Despite relatively high efficiency 
compared to similar bandgap of MHWPs, the morphology is poor (Fig. 4.2). As, surface morphology 
of photo-absorbing layer greatly affect photovoltaic performance, to further improvement of efficiency, 
we need to improve surface morphology without compromising other factors such as bandgap. 
Generally, halide PSCs with excellent surface morphology and remarkable crystallinity can be obtained 
by fine-tuning the intermediate state before high temperature annealing for crystallization. Therefore, 
not only the formation but also the removal of the intermediate phase at the appropriate time is 
considered critical for obtaining uniform and dense perovskite layers, particularly when anti-solvents 
are not used. Studies on the use of additives, such as acids,74, 75 polymers,76, 77 metal or organic halide 
salts,78 and two-dimensional (2D) materials29 for triggering changes in the intermediate phase have been 
conducted recently or are in progress. The effect of methylammonium chloride (MACl) on the 
intermediate phases of perovskite materials of various compositions is complex; however, typically, the 
use of MACl during the synthesis of perovskite films results in films with superior quality.79, 80 
Moreover, several research groups fabricated compact and uniform perovskite layers using anti-solvent-
free approaches utilizing MACl. Fengxian et al.81 induced homogeneous and vertical recrystallization 
by depositing MACl on a δ-FAPbI3 layer, and Wang et al.82 prepared monolayer-like perovskite films 
using the combined coordination effects of MACl with of methylammonium acetate and PbI2 in the 
absence of anti-solvents. Xu et al.83 added HI to the reaction mixture 2D-to-three-dimensional (3D) 
conversion of perovskites and obtained uniform and highly compact perovskite layers without using 
anti-solvents. In addition to the formation of halide perovskite thin films with uniform and dense 
surfaces, surface passivation has been demonstrated to be an important strategy for the fabrication of 












Fig. 4.3 Characterization of CsPbI3 films without (control) and with MACl second treatment according 
to the concentration of MACl (15, 45, and 75 mM) in IPA. (A) SEM images, (B) UV-vis absorption 
spectra, (C) XRD patterns, and (D) GIWAXS of CsPbI3 layer with (above) without (below) MACl 
second treatment. 
CsPbI3 perovskite thin films (hereinafter referred to as the control) were deposited under ambient-air 
conditions with the relative humidity (RH) 15 % to 30 % utilizing the same method used to fabricate 
the state-of-the-art β-CsPbI3 perovskite.69 As reported by Wang et al.69 and illustrated by the top-view 
scanning electron microscopy (SEM) images of the control (Fig. 4.3A), the thus obtained thin film 
presented poor surface morphology with multiple pinholes. 
Thus, we attempted to enhance the properties of this thin film by introducing MACl into it using the 
“sequential dripping of MACl solution” (denoted as SDMS) method, which is illustrated in Fig. 4.4A. 
This method was adopted because the solubility of MACl in the CsI-, PbI2-, and DMAI-containing 
perovskite precursor solution was considerably low. The highest concentration of MACl in the 
perovskite precursor solution was 30 mM, and the solution became cloudy when the concentration of 
MACl exceeded 45 mM (Fig. 4.4B). However, MACl dissolved well in isopropyl alcohol (IPA) at 





Fig. 4.4 (A) Schematic diagram of SDMS. Solubility of (B) MACl in CsPbI3 precursor solution and (C) 
MACl in IPA. 
Subsequently, we determined whether the SDMS method modified the bandgap of CsPbI3 using 15, 45, 
and 75 mM MACl solutions in IPA, and the obtained specimens were labelled CsPbI3/xMACl (x = 15, 
45, and 75 mM). The UV–vis absorption spectra (Fig. 4.3B) of the control and CsPbI3/xMACl samples 
confirmed that the bandgap of CsPbI3 was not changed by the SDMS, probably owing to the complete 
removal of MACl after 5 min of heat treatment at 210 °C. The absorption edges of the control and 
CsPbI3/xMACl were located at approximately 730 nm, and this value was consistent with the 
theoretically simulated bandgap of β-CsPbI3.69 The specific peaks of β-CsPbI3 were present in the X-
ray diffraction (XRD) patterns of all as-annealed CsPbI3/xMACl film samples (Fig. 4.3C). The 
characteristic peaks of β-CsPbI3 were present in the XRD patterns of all as-annealed CsPbI3/xMACl 
film samples (Fig. 4.3C). The crystallinity of CsPbI3/45MACl was slightly higher than those of the 
other film samples, but still comparable. The structural phases of CsPbI3/45MACl obtained with and 
without the SDMS and the structures of MACl or other CsPbI3 phases were further characterized using 
grazing-incidence wide-angle X-ray scattering (GIWAXS). The GIWAXS ring patterns of the (110) 
and (220) planes of β-CsPbI369 were not significantly different (Fig. 4.3D). These results indicated that 
the SDMS did not change the structure of CsPbI3 and that MACl was fully eliminated during the 
annealing process, as estimated using the conventional XRD analyses. The SDMS did not affect the 
crystal structure and bandgap of CsPbI3/xMACl; however, it caused significant changes in the surface 




Fig. 4.5 The performance of solar cells. (A) PCE distribution of CsPbI3/xMACl (x= 15, 45, and 75 Mm) 
and the control. (B) J-V curves, (C) EQE spectra, and (D) steady-state power output of the control and 
target. 
The surface morphology of the perovskite layers greatly affects the photovoltaic performance, and 
particularly the Voc and fill factor (FF). Therefore, we fabricated PSCs to see the effect of this 
morphology improvement on efficiency. The PSCs comprised multiple layers as follows: glass/fluorine 
doped tin oxide (FTO)/compact-TiO2/perovskite/2,2',7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-
9,9'-spirobifluorene (spiro-OMeTAD)/Au. The PCE distributions of the PSCs fabricated using the 
control and CsPbI3/xMACl (x = 15, 45, and 75 mM) perovskite films are depicted in Fig. 4.5A. The 
average PCEs of the PSCs fabricated using CsPbI3 and CsPbI3/xMACl perovskites increased from 16.07 




Fig. 4.6 Humidity stability tests at 25 ℃ and RH 65% with and without OAI passivation. (A) 
Photographic images, UV-vis absorption spectra of (B) without and (C) with OAI passivation. 
We have previously reported a relatively stable PSC with the PCE of 22.9%,84 which was ascribed to 
the reduced interfacial defects between perovskite and hole-transporting material, and resistance to 
humidity of octylammonium iodide (OAI). This surface passivation-induced increase in PCE can be 
used for CsPbI3-69, 85 and FAPbI3-based systems.22, 84 We adopted OAI as the surface passivation 
material owing to its hydrophobicity and positive effect on the PCE of the fabricated PSCs. Fig. 4.6 
depicts the change of photographs and UV–vis absorption spectra the perovskite layer with and without 
OAI treatment, stored in humid condition (25 °C and RH 65%). The control film was previously 
reported to be very susceptible to humidity and degraded after 10 min.69 This fragile stability can 
negatively affect the efficiency of the fabricated PSCs. By contrast, the control treated with OAI 
maintained its original absorption for up to 120 min owing to its increased hydrophobicity. As expected, 
the passivation of the perovskite layer with OAI not only improved the stability but also the performance 
of the fabricated PSCs. Fig. 4.5B illustrates the J–V characteristics of one of the best performing PSCs 
fabricated using the control and CsPbI3/45MACl perovskite (hereafter target). Surface passivation by 
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OAI significantly improved the PCE of CsPbI3 regardless of SDMS, as consistent with previously 
reported results.84 The Jsc, Voc, and FF values calculated from the J–V curves of the target were estimated 
to be 20.59 mA cm-2, 1.198 V, and 0.825, respectively, and corresponded to a PCE of 20.37% under 
standard air mass (AM) 1.5 G conditions. In comparison, the PCE, Jsc, Voc, and FF of the control were 
19.03%, 20.58 mA cm-2, 1.158 V, and 0.798, respectively. This means that although the surface 
passivation by OAI brought a greater efficiency improvement than SDMS, the effect by SDMS is still 
very effective. For these champion devices, a large increase in PCE was achieved using the synergism 
of SDMS and surface passivation, which significantly increased Voc, as expected. However, the best-
performing PSC fabricated using a CsPbI3 layer that did not undergo SDMS presented low FF and Voc 
values, as illustrated in Fig. 4.5A. No notable differences were observed in the shapes of the external 
quantum efficiencies (EQEs) of the control and target (Fig. 4.5C). However, a slight difference between 
the integrated Jsc values of the target (20.12 mA cm-2) and control (20.05 mA cm-2) was observed; this 
was in agreement with the observed J–V characteristics. The difference between the Jsc values of the 
PSCs obtained using the passivated control and target layers was smaller than that between the Jsc values 
of the PSCs obtained using the control and target in the absence of a passivation layer, and this was 
ascribed to the improved stability achieved via OAI surface passivation. 
We also measured the steady-state power output of one of the best-performing PSCs for 200 s at a set 
voltage in the vicinity of the MPP obtained from the peak of the J–V curves (Fig. 4.5D). The initial 
PCE of the PSC featuring the control was 18.46%, which was intermediate between the reverse and 
forward scan values of the control; however, after 200 s, the PCE decreased to 16.75%. Conversely, the 
initial PCE of the target was 19.26%, which was the median of the reverse and forward scan values of 
the target, however, this PCE increased to 19.54% after 200 s. Therefore, the PCE of the PSC featuring 




Fig. 4.7 Characterization of intermediate phases. (A) UV-vis absorption spectra from as-deposited 
substrate of CsPbI3/xMACl (x= 15, 45, and 75 mM) and control. (B) TGA curves of the control and 
target. (C) FT-IR spectra before (solid line) and after (dotted line) annealing for the control and target. 
(D) H-NMR spectra obtained from intermediate state of the control and target. 
To better understand the origin of the improvement induced by the SDMS, we first tested whether the 
SDMS onto the already-formed CsPbI3 films could positively affect their morphology. The intermediate 
state affects the formation of the thin film; therefore, the addition of HI to the CsPbI3 precursor solution 
can significantly lower the annealing temperature -CsPbI3.86 HPbI3 was reported to play an important 
role as the main intermediate state.87 Hence, to further understand the mechanism behind improving the 
morphology of perovskites via the SDMS, we focused on the intermediate phase of CsPbI3. To analyze 
the properties of intermediate state, which is the phase that forms immediately prior to the formation of 
the CsPbI3 layer, we used UV–vis absorption spectroscopy (Fig. 4.7A). To mimic the environment used 
during the fabrication of PSCs, we obtained the UV–vis spectra of perovskite films deposited onto 
FTO/c-TiO2 substrates. The UV–vis spectrum of the control presented a single peak at approximately 
370 nm, which indicated the formation of DMA-Cs-PbI2 as the intermediate state.70, 88 However, after 
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the SDMS, the intensity of the 370 nm peak started to decrease and that of a new peak at approximately 
400 nm, which could be ascribed to the CsI -PbI2-MACl intermediate state, started to increase as the 
amount of used MACl was increased. Furthermore, the thermogravimetric analysis (TGA) results of 
the control and target revealed that the sublimation of DMAI started at 90 °C for the control sample, 
and volatile products, such as residual IPA and MACl, in the target sample started to evaporate at 
approximately 54 °C (Fig. 4.7B). Moreover, we noticed that the total weights of the control and target 
decreased by 0.5% at 128 and 181 °C, respectively. These results indicated that the sublimation of 
DMAI was facilitated by the addition of MACl. Furthermore, these results suggested that the SDMS 
accelerated the crystallization process, which represents the transition from the intermediate to the final 
CsPbI3 phase. This phenomenon was also observed when the colour of the coated CsPbI3/xMACl films 
changed during their heat treatment at 210 °C (Fig. 4.8). 
 
Fig. 4.8 Photographic images of substrates during heat treatment at 210 °C for CsPbI3/xMACl (x= 15, 







As the control film started to crystallize, its color changed from clear to black after 45 s. As observed, 
the control film started to crystallize by turning from clear to black after 45 s. Moreover, the rate of 
crystallization of the CsPbI3/xMACl films increased with increasing amount of MACl, as follows: 
crystallization began at 30 s for the CsPbI3/15MACl film and after less than 20 s for the CsPbI3/45MACl 
and CsPbI3/75MACl films. We believe that the fast crystallization of perovskite films could facilitate 
the formation of uniform and pinhole-less surface morphologies by reducing the exposure of the films 
to defect-inducing factors such as O2 or humidity. To elucidate the intermediate phase-induced 
crystallization, we compared the Fourier-transform infrared (FT-IR) and 1H nuclear magnetic resonance 
(1H-NMR) spectra of the control and target samples. The N–H stretching, N–H bending, and C–H 
bending modes were distinctly observed in the FT-IR spectra of both samples (Fig. 4.7C) and confirmed 
the coordination of the DMA+ ions in the intermediate state. By comparing the FT-IR spectra of the 
annealed perovskite layer (dotted line) with the solid line, we confirmed that the final CsPbI3 layer was 
formed via the sublimation of DMA+ in the intermediate state. On analyzing the N–H stretching mode, 
we determined that the typical N–H stretching peak of DMAI at 3480 cm-1,89 has shifted to 3438 and 
3448 cm-1 for the control and target samples, respectively. The increase in the wavenumber of the N–H 
stretching mode after the MACl treatment indicates that the stretching mode of N–H became stronger 
as the interactions between DMA+ and PbI3- weakened. The interference of the interactions at the 
intermediate state and resulting weakened coordination attributed to the MACl treatment were further 
confirmed using 1H-NMR analyses (Fig. 4.7D). The 1H-NMR signal of the resonance of protons around 
the N atoms shifted from 8.14 to 8.00 ppm and broadened after the SDMS.90 This up-field shift could 
be attributed to the formation of the new intermediate phase by the introduction of MACl, which 
weakened the interactions between DMA+ and PbI3- and induced the higher electron density of the N-
adjacent protons. Therefore, the experimental results indicated that the SDMS accelerated the 
sublimation of DMAI by interrupting the coordination of the intermediate state. This resulted in 





Fig. 4.9 Stability tests. (A) ToF-SIMS targeting Cl- within FTO/bl-TiO2/perovskite of CsPbI3/xMACl 
(x= 15, 45, and 75 mM) and the control. (B) UV-vis absorbance at 600 nm as a function of exposure 
time in 20-30 RH% at 85 °C of CsPbI3/xMACl (x= 15, 45, and 75 mM) and the control. (C) Maximum 
power point measured with the encapsulated target device under continuous full solar illumination (at 
100 mW cm-2 without UV-cut) at ambient air. 
Moreover, we investigated whether residual Cl- ions were present in the perovskite layer using time-of-
flight secondary ion mass spectrometry (ToF-SIMS), even though MACl is known to be volatile and 
evaporated after annealing even at relatively low temperatures.91 The Cl- ions are presented in yellow 
in the TOF-SIMS profiles of the CsPbI3 layers deposited on c-TiO2 substrates (Fig. 4.9A). The presence 
of Cl- was not observed in the ToF-SIMS profile of the control sample but was detected in the TOF-
SIMS profiles of the CsPbI3/xMACl films. The amount of residual Cl- ions appeared to be proportional 
to x with saturation at x ≥ 45, and the Cl- ions were mainly present at the perovskite/TiO2 interface. 
These Cl- ions remaining at the perovskite/TiO2 interface are expected to contribute to the surface 
passivation of the perovskite 
The phase stability of the perovskite films was analyzed by measuring their absorbance at 600 nm as a 
function of the exposure time under 20–30% RH at 85 °C (without encapsulation), and the results are 
presented in Fig 4.7B. The absorbance of the control sample decreased significantly with increasing 
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exposure time; however, only a minor decrease in the absorbance of the CsPbI3/15MACl sample was 
observed after 72 h. In contrast, the absorbances of the target and CsPbI3/75MACl samples did not 
change even after 96 h of exposure. These data indicate that the residual Cl- ion content strongly affected 
the stability of CsPbI3. We also tested the long-term operational stability of the encapsulated devices 
under continuous light irradiation at the MPP under ambient conditions (100 mW cm-2 without UV-cut). 
The PSC featuring the target film presented fine operational stability and maintained over 90% of its 




















We improved the morphology of CsPbI3 perovskite films by controlling the intermediate state via 
SDMS. MACl facilitated the removal of DMAI from the intermediate phase, which allowed the fast 
crystallization of the CsPbI3 perovskite. An intermediate phase-induced crystallization mechanism for 
improving the surface morphology of CsPbI3 was proposed. The effect combined with optimal SDMS 
and OAI passivation allowed us to fabricate CsPbI3-based PSCs, which exhibited excellent and 
stabilized PCEs of 20.37% and 19.5%, respectively. Furthermore, the presence of residual Cl- ions in 
the perovskite films improved the stability of CsPbI3. We believe that these strategies to improve the 
surface morphology and long-term stability of perovskites could be widely used for the construction of 

















Chapter 5. Summary, Future Perspectives and References 
 
5.1 Summary 
(ⅰ) In terms of perovskite precursor solution, elemental sulfur stabilized the solution by coordination 
with the MA cation inhibiting the deprotonation of MA ion. 
(ⅱ) For highly efficient PSCs, phase stabilizer that minimize the change in inherent bandgap of α-
FAPbI3 was investigated. 
(ⅱ-1) By doping MDACl2, the bandgap of α-FAPbI3 was fully utilized to obtain a Jsc of over 
26 mA cm-2 (certified PCE: 23.7%) 
(ⅱ-2) By incorporating Cs+ into MDA-doped FAPbI3, micro-strain was relaxed to reduce 
defects resulting in a certified PCE of 24.37% 
(ⅲ) The morphology of CsPbI3, which is a wide-bandgap perovskite that can be used as top-cell of 













5.2 Future perspectives 
 
Fig. 5.1 Schematic diagram of the increase in PSCs efficiency achieved by our group (Prof. Sang Il 
Seok group at UNIST). 
 
Fig. 5.2 National Renewable Energy Laboratory (NREL) chart for the best research-cell efficiencies 
(reviewed 04. Jan, 2021). 
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Our group is one of the pioneers of PSCs and have contributed greatly to the development of PSCs 
technologies and reported our results to high impact journals many times (Fig. 5.1). Furthermore, one 
of my manuscript under evaluation is about the efficiency of 25.5% single-junction PSCs which is 
currently included in the prestigious NREL chart for the record efficiency (Fig. 5.2). I believe that PSCs 
can achieve over 26% of efficiency which is higher than efficiency of single crystalline silicon solar 
cells in near future. 
 
Fig. 5.3 (A) Cost, efficiency, and lifetime comparison of silicon (Si) and perovskite (PVSK) solar cells. 
(B) Schematic diagram of a perovskite solar cell and possible degradation inducing factors. 
However, PSCs lack stability, which is one of the most important factors for commercialization, 
compared to silicon (Fig. 5.3A). While the lifetime of silicon solar cells is about 25 years, PSCs have 
not yet demonstrated a lifetime of more than one year. Highly efficient PSCs (>23% PCE) demonstrate 
less than 1000 h of operational stability.23, 51, 92 Improvements to stability are thus critical for the 
commercialization of flexible and inexpensive PSCs to contribute to solar energy deployment goals. 
There are several factors that limit the stability of the multi-layered perovskite solar cell (Fig. 5.3B). (ⅰ) 
Photocatalytic effect of electron transport layer (ETL): Titanium dioxide (TiO2) has been widely 
used as an ETL for efficient PSCs.32, 35, 51, 92 However, TiO2 is a typical photocatalyst material with high 
photoactivity property. Thus, under continuous solar illumination, it can degrade perovskite layer. To 
replace TiO2, many metal oxide ETL candidates are studied such as SnO2,22 Zn2SnO4,93 La-BaSnO3,94 
and ZnO.95 However, other metal oxide-based PSCs show relatively lower efficiency. For efficient 
PSCs with long-term photostability, we must develop methods to suppress the photocatalytic effect of 
TiO2 or improve other ETL-based PSCs performances. (ⅱ) Halide diffusion of perovskite: Efficient 
PSCs are mainly fabricated with iodide(I-)-based perovskite materials with broader solar-light 
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absorption through narrower bandgaps. However, iodide can be released from the perovskite and escape 
the device, forming mobile halide vacancies and defects.96 These halide defects form deep traps, 
inducing nonradiative recombination which significantly reduce the photovoltaic performance over 
time. To suppress halide vacancies, binding energy of perovskite material should be increased by 
compositional modification or interface of the perovskite layer should be modified. (ⅲ) Thermal 
degradation and additive diffusion of hole transport layer (HTL): 2,2',7,7'- tetrakis[N,N-di(4-
methoxyphenyl)amino]- 9,9'-spirobifluorene (Spiro-OMeTAD) is commonly used as HTL for efficient 
PSCs. However, it is thermally unstable with low glass transition temperature (Tg) of approximately 
120 ℃. Furthermore, it needs many additives to increase hole conductivity. To solve this issue, other 
HTL candidates such as CuSCN 97 and copper phthalocyanine (CuPc) 98 or additive-free HTL have been 
studied, but the performance is still significantly low. This is mainly due to energy mismatch between 
the perovskite and HTL, which can be improved via interface engineering. Perovskite/HTL interface 
modification can improve the efficiency and stability by surface passivating the perovskite layer and 
suppressing additive diffusion and acting as electron blocking layer. 
 




In general, perovskite layer in high-performance PSCs is deposited by so-called anti-solvent method to 
make dense and uniform surface. However, it cannot be adopted to large-area solar cells which afforded 
in real application. Thus, PSCs shows significant decreases in module device compared to unit-cell (Fig. 
5.4). 
To commercialize PSCs, such problems must be solved. First, when long-term stability is secured and 
it is modularized, that is, a large area, the decrease in efficiency should not appear significantly. If so, 
since PSCs have many advantages over silicon solar cells, it is expected that various used and 
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